A new technic for continuously recording the dimensions of internal organs in intact unanesthetizcd animals has been developed as a modification of sonar technics. A sound is emitted by a small barium titanatc crystal mounted on one side of the left ventricle, and the time required for the sound waves to pass through the chamber to another crystal on the opposite side is monitored \ ,000 to 2,500 times/sec. Such crystals have continued to function reliably for more than 3 months after installation in the animal. Changes in left ventricular diameter have been recorded during spontaneous cardiac responses to various conditions including physical exertion on a treadmill. T HE function of the heart can be characterized and analyzed by measuring the changes in pressure, volume and flow of blood in the individual cardiac chambers. Although internal pressures can be readily measured by means of catheters, changes in the volume of the heart have been measured primarily by cardioineters in thoracotomized animals or by roentgenography in intact animals and men. These methods are not well suited to the study of cardiac control, which necessitates continuously measuring the absolute pressures and dimensions of the individual heart chambers in intact animals and man with regulating mechanisms intact and functioning. The volume of the individual cardiac chambers has never been measured satisfactorily in intact animals. Several technics have been employed in this laboratory to continuously record changes in the internal and external dimensions of the heart chambers. Initially, changes in the size and shape of the atria and ventricles were observed and measured on motion picture films obtained by cinefluorographic angiocardiography. 1 ' 2 Subsequently, new methods for continuously recording the changing dimensions have been explored. 1 ' 4 Variable resistance
A new technic for continuously recording the dimensions of internal organs in intact unanesthetizcd animals has been developed as a modification of sonar technics. A sound is emitted by a small barium titanatc crystal mounted on one side of the left ventricle, and the time required for the sound waves to pass through the chamber to another crystal on the opposite side is monitored \ ,000 to 2,500 times/sec. Such crystals have continued to function reliably for more than 3 months after installation in the animal. Changes in left ventricular diameter have been recorded during spontaneous cardiac responses to various conditions including physical exertion on a treadmill. T HE function of the heart can be characterized and analyzed by measuring the changes in pressure, volume and flow of blood in the individual cardiac chambers. Although internal pressures can be readily measured by means of catheters, changes in the volume of the heart have been measured primarily by cardioineters in thoracotomized animals or by roentgenography in intact animals and men. These methods are not well suited to the study of cardiac control, which necessitates continuously measuring the absolute pressures and dimensions of the individual heart chambers in intact animals and man with regulating mechanisms intact and functioning. The volume of the individual cardiac chambers has never been measured satisfactorily in intact animals. Several technics have been employed in this laboratory to continuously record changes in the internal and external dimensions of the heart chambers. Initially, changes in the size and shape of the atria and ventricles were observed and measured on motion picture films obtained by cinefluorographic angiocardiography. 1 ' 2 Subsequently, new methods for continuously recording the changing dimensions have been explored. 1 ' 4 Variable resistance gages, similar to those used by Whitney 6 for plethysmography, were fabricated of delicate rubber tubes filled with mercury and sealed at each end by insulated wires. Such gages were easily installed for recording aortic circumference, 6 left ventricular circumference and length 7 ' 8 and various dimensions of the right ventricular wall. 9 The repetitive stretching of the rubber and flexion of the wires caused most of these gages to fail after 5 to 7 days, although several performed reliably for as long as 3 or 4 weeks. The slight tension exerted by the rubber gages restricted diastolic distention of the ventricular walls to some extent. The limitations or deficiencies of all these dimensional recording technics prompted a search for a new type of gage which could be easily installed in or on the heart, would produce minimal damage or disturbance to cardiac function, would record continuously for a long time after installation and could be calibrated in absolute linear units while the gage was inaccessible within the body of the animal. These considerations led to the development of a new technic for measuring the dimensions of internal structures, based on the sonar principle.
METHOD
Sonar was develop**! for estimating underwater distances by measuring the time required for sound waves to pass from the transmitter to the target and return to a receiver. Knowing the velocity of sound transmission in water, one could accurately calculate the distance traversed by the sound waves from their transit time. Similarly, the distance between crystals submerged in a bath of water can be determined very accurately by measuring the time required for a sound to pass from one to the other. To Signal from the receiver crystal is amplified and displayed on a cathode ray oscilloscope. C. Transmitter and receiver pulses rectified to produce 2 monophasic deflections with sharp leading edges for triggering an electronic switch. D. Transmitter pulse activates an electronic switch after a fixed delay and the received pulse turns ofT the switch. E. Condenser is charged through a resistor while the switch is on, and discharges during the interval of time between pulses; the magnitude of the net charge on the condenser is calibrated in terms of the distance botween the crystals.
record the changing dimensions of the heart, 2 small discs of barium titanatc were sutured to the external surface of the cardiac wall on opposite sides of a chamber (fig. L4). One of these crystals served as a transmitter and was activated by a brief pulse lasting 1 ^sce. The transmitter crystal responded byringing for 5-15 /isec. during which time it emitted a burst of sound waves. The transmitter pulse reached the receiver crystal almost instantaneously as an electric artifact traveling at the speed of light. The sound waves reached the receiver crystal after a brief delay determined primarily by the distance traversed and the conduction velocity. The conduction velocity of sound through the ventricular walls and blood was not significantly different from that of water, J.5 mm./jusec.
The output from the receiver crystal was displayed on a cathode ray oscilloscope as illustrated in figure \B. This signal was transformed into a voltage proportional to the transit time between the crystals by the method indicated in each column of oscillograph traces ( fig. 1 ). First, the output of the receiver crystal was amplified and rectified to eliminate the 1C ). This stage produced 2 abrupt downward deflections with very sharp lending edges which activated an electronic switch (a bistable multivibrator circuit). To eliminate false triggering by voltages generated during the activation of the transmitter crystal, the electronic switch was turned on by the transmitter pulse after a fixed delay (fig. ID) and was turned off by the pulse produced by the arrival of sound waves at the receiver crystal. During the brief interval that the electronic switch was on, a constant voltage was applied to a condenser through a resistor, with values such that the capacitor charged to only a small fraction of the applied voltage during the brief transit time of the sound waves (about 30 /isec). During the relatively long interval between successive pulses, the condenser discharged at a rate proportional to the accumulated charge on the condenser. In these circumstances the condenser rapidly accumulated a mean net voltage level at which the charge added during the sound transit time was precisely balanced by tho discharge during the interval before the next pulse. The effects of reducing the distance between the crystals are indicated in figure \B. Since the transit time was reduced, the electronic switch was on for a shorter interval and the charge time was therefore less. The condenser discharged more than it was charged, and within .003 sec. a new equilibrium was readied at a lower mean voltage level. Thus, the charge on the condenser was proportional to the transit time of the sound between the crystals, and could be calibrated in terms of ventricular diameter. A continuous record of the distance between the two crystals was obtained by pulsing the transmitter crystal 1,000 to 2,500 times/sec., providing a smooth record of the changing ventricular diameter on a Sanborn Polyviso (fig. 2) .
The patterns displayed on the oscilloscope were monitored continuously during direct recording. The absolute distance between the crystals could be determined at any time by noting the time interval between the transmitter and receiver pulses on the oscilloscope. For this purpose, the unrectified patterns illustrated at the top of the columns were used.
RESULTS
A specific left ventricular diameter, represented by the linear distance between the 2 crystals, has been continuously recorded by sonocardiometry from more than a dozen dogs. Records from 2 of the first 12 animals illustrate the changes in this particular left ventricular diameter during the cardiac cycle (fig. 2) . The typical patterns of changing ventricular diameter closely resemble good cardiometer records. Whereas virtually all other dimensions of both right and left ventricles have displayed an abrupt expansion during isovolumetric contraction, 8 the particular dimension recorded in this study characteristically changed only slightly or not at all at the onset of systole. For example, a small upward deflection on the diameter record from dog no. 72 ( fig. 2) was associated with the sudden increase in ventricular pressure.
Cyclic patterns of the type illustrated in figure 2 are rarely recorded during the first day or so after the thoracotomy. The wave form is almost invariably distorted to a most disturbing degree (i.e., gross expansion of the recorded dimensions during a large portion of the systolic interval). This phenomenon has been consistently observed regardless of the type of recording gages employed and has been ascribed to the shrinkage of the cardiac chambers previously observed in thoracotomized animals. 10 When the chest is open, the heart is small and beating very rapidly. As the animal recovers from surgery, the heart becomes larger, the heart rate slows and the cyclic pat-terns of changing dimensions tend to resemble those illustrated in figure 2. The fact that the left ventricular diameter is shorter during and immediately following the surgery than during the subsequent days has been consistently demonstrated by sonocardiometric measurements. Gauer 11 has reported that the pumping action of the ventricles is greatly altered as those chambers are reduced in size. AVhen the heart is larger, the ventricular chambers eject primarily by reduction in transverse diameter, while small, rapid hearts exhibit a piston-like motion of the atrioventricular valves, indicating that shortening of the chamber is the principal mechanism of ejection. For this reason alone, ventricular function in thoracotomized animals is not really comparable to conditions obtaining in intact animals and man.
Because of their simplicity and durability, the crystals employed for sonocardiometry functioned reliably for 2 weeks to 3 months after installation. The animals become accustomed to the laboratory and to the wide variety of conditions under which they are studied, including changes in position, startling noises, eating, administration of drugs and exercise. They also learn to run on a treadmill at 3 m.p.h. on a 5 per cent grade with apparent enjoyment ( fig. 3 ). Thirty-two days after the crystals were installed in dog R-S6, the distance between them was 5.2 cm. at the end of diastole and 4.8 cm. at the end of systole when the animal sat on the stationary treadmill. The treadmill was started without warning producing changes in left ventricular diameter as indicated on the first record in figure 3 . Note that the principal change during exertion was a smaller diameter at the end of systole (i.e., greater systolic ejection). Fifteen or 20 min. later, a record was taken while he reclined on the treadmill. As soon as he sat up, the diameter diminished during both diastole and systole. He was so thoroughly accustomed to the situation that when the treadmill switch was held in front of him, the heart rate accelerated abruptly at the beginning of the interval labeled "anticipation" in figure 3. The systolic and diastolic diameters were apparently small at the onset of the exercise period, and the principal change was an increase in Fia. 3. Changes in left ventricular diameter of 2 dogs thoroughly trained to run on a treadmill. In general, ventrioular diameter was maximal during reclining and tended to increase during oxertion when this dimension was diminished prior to oxercise. When the diameter was relatively large at the onset of exercise, stroke volume was apparently increased by more complete systolic ejection diastolic distention. Similarly, in dog R-74 the left ventricular diameter was significantly reduced when he sat upon the stationary treadmill and significantly increased as soon as exercise began. These are examples of a common observation in this and previous studies 4 ' 13 " 16 that the direction of change in ventricular dimensions is influenced by the chamber size at that particular time when the response is induced. In other words, when the ventricles are small just prior to exercise, the diastolic dimensions tend to increase. When the ventricle appears to be functioning at or near its maximal dimensions, increased systolic ejection predominates. Although it is clear that changes in heart rate considerably influence the ventricular dimensions, observations on these animals indicate that other factors are also important. The multiple mechanisms for ventricular responses can best be analyzed by simultaneously measuring many parameters of cardiac function, as will be indicated in a subsequent report.
DISCUSSION
The measurement of left ventricular dimen sions by sonocardiometry has many advantages over other technics employed for this purpose in this laboratory. Of these, the most important is the durability of the crystals. This permits studies at frequent intervals of trained animals fully recovered from the surgery and thoroughly familiar with the laboratory situation. The distance between the crystals can be expressed in absolute linear units at any time merely by referring to the patterns on the cathode ray oscilloscope. The presence of the crystals should have little effect on the function of the organ to which they are attached. The crystals can be positioned at sites which are rather inaccessible to other technics.
The changes in left ventricular diameter (0.4-0.6 cm.) are a relatively small fraction of the total diameter (4.5-5 cm.). The ventricular dimensions are remarkably constant from day to day, and examination of the records suggests that the ventricles function predominately at or near maximal size even during responses like those illustrated in figure 3. Such observations tend to confirm for the dog similar observations made on man by roentgenographic technics. 17 ' 18 The change in ventricular dimensions in response to exercise varies in different animals. When the ventricle is small, diastolic expansion is prominent; when the ventricles are at or near their maximal size just before exercise, the stroke volume is apparently increased by greater systolic ejection. The variation in the same animal's responses to similar conditions at different times implies that multiple mechanisms are involved in cardiac regulation and that these must ultimately be analyzed in intact animals and man.
SUMMARY
Left ventricular diameter has been recorded continuously by measuring the transit time of sound waves between two crystals mounted on opposite sides of the chamber.
The changes in the ventricular diameter measured with two crystals mounted near the interventricular groove differ considerably from changes in other dimensions recorded by other technics. In general, the patterns recorded by the crystals more closely resemble the generally accepted ventricular volume curve obtained by cardiometry. However, this does not necessarily mean that changes in this dimension are more closely related to changes in absolute volume.
The sonocardiometric technic is suitable for measuring the changing dimensions of many different internal organs so long as they are larger than 1 cm.
SuMMAKIO IN LVTERLINGUA
Le diametro sinistro-ventricular esseva registratc continuemente per mesurar le tempore de transito de undas acu3tic inter duo crystallos montate a latercs opponite del camera.
I^e alterationes del diametro ventricular mesurate per medio de duo crystallos montate vicin al sulco interventricular differe considerabilemente ab le alterationes in altere dimensiones registrate per altere technicas. In general, le registrationes obtenite per medio del crystallos es plus simile al generalmente aeccptate curva del volumine ventricular registrate per medios cardiometric. Tamen, isto non significa neccssarimente que altera-tiones de iste dimension es plus directemente relationate a alterationes del volumine absolute.
Le technica sonocardiometric es adaptabile al mesuration de variationes dimensional de multe differente organos interne, providite que il se tracta de distantias de plus que 1 cm.
